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Structure of the RGS-like Domain from PDZ-RhoGEF:
Linking Heterotrimeric G Protein-Coupled
Signaling to Rho GTPases
either by controlling the activity and localization of struc-
tural proteins or by regulating the functional activity of
a network of intracellular signaling pathways. Among
them, the Rho family of GTPases, the best known of
which are RhoA, Cdc42, and Rac1, has been traditionally
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toskeletal structures [1]. Recently, however, Rho pro-P.O. Box 800736
Charlottesville, Virginia 22908 teins have also been shown to control biochemical path-
ways regulating gene expression [2]. By these means,2 National Institute of Dental and Craniofacial Research
National Institutes of Health Rho proteins impact upon diverse phenomena, includ-
ing cellular differentiation [3], cell morphology [4], cellBethesda, Maryland 20892
motility and adhesion [5], phagocytosis [6], cytokinesis
[7], smooth muscle contraction [8], and the etiology of
human disease such as hypertension [9] and cancerSummary
[10].
Until recently, signal transduction to small GTPasesBackground: The multidomain PDZ-RhoGEF is one of
was thought to occur primarily downstream of tyrosinemany known guanine nucleotide exchange factors that
kinase receptors, which respond, for example, to stimu-upregulate Rho GTPases. PDZ-RhoGEF and related
lation by growth factors. However, evidence that hasfamily members play a critical role in a molecular signal-
been accumulated over the past decade concerning theing pathway from heterotrimeric G protein-coupled re-
intracellular responses to certain extracellular agonistsceptors to Rho proteins. A 200 residue RGS-like
(e.g., lysophosphatidic acid, thrombin) suggested that(RGSL) domain in PDZ-RhoGEF and its homologs is
Rho proteins also participate in heterotrimeric G protein-responsible for the direct association with G12/13 pro-
coupled receptor signaling pathways, particularly thoseteins. To better understand structure-function relation-
involving G12/13 [11, 12]. Indeed, a novel family of gua-ships, we initiated crystallographic studies of the RGSL
nine nucleotide exchange factors (GEFs), which appeardomain from human PDZ-RhoGEF.
to be stimulated by interactions with the active forms
of G12/13 subunits, was recently identified. It includesResults: A recombinant construct of the RGSL domain
p115 RhoGEF [13], PDZ-RhoGEF [14, 15] and its ratwas expressed in Escherichia coli and purified, but it
homolog GTRAP48 (glutamate transporter-associateddid not crystallize. Alternative constructs were designed
protein) [16], and LARG (leukemia-associated Rho gua-based on a novel strategy of targeting lysine and glu-
nine nucleotide exchange factor) [17, 18]. These proteinstamic acid residues for mutagenesis to alanine. A triple-
function as a direct link between heterotrimeric G pro-point mutant functionally identical to the wild-type pro-
teins and small GTPases, as they are capable of bindingtein was crystallized, and its structure was determined
G12/13 and, as a consequence, activating RhoA specifi-by the MAD method using Se-methionine (Se-Met) incor-
cally (Figure 1).poration. A molecular model of the RGSL domain was
PDZ-RhoGEF (human KIAA0380) was initially identi-refined at 2.2 A˚ resolution, revealing an all-helical tertiary
fied as a putative activator of Rho proteins by searchingfold with the mutations located at intermolecular lattice
sequence databases for proteins containing motifscontacts.
characteristic for GEFs [14]. These regulatory proteins
activate cytosolic GTPases, catalyzing the dissociationConclusions: The first nine helices adopt a fold similar
of GDP and allowing for its replacement by GTP. Liketo that observed for RGS proteins, although the se-
other G proteins, Rho GTPases function as molecularquence identity with other such known structures is
switches, assuming a biologically active conformationbelow 20%. The last three helices are an integral exten-
when bound to GTP and returning to an inactive GDP-sion of the RGS fold, packing tightly against helices 3
bound conformation following hydrolysis, a process ac-and 4 with multiple hydrophobic interactions. Compari-
celerated by GTPase-activating proteins (GAPs) [19].son with RGS proteins suggests features that are likely
This paradigm is used in many ways by a cell, and therelevant for interaction with G proteins. Finally, we con-
fidelity of a particular signaling pathway depends uponclude that the strategy used to produce crystals was
specific protein-protein interactions mediated by dis-beneficial and might be applicable to other proteins re-
crete domains with unique biochemical properties. Likesistant to crystallization.
many GEFs, PDZ-RhoGEF contains multiple domains,
and functional importance can be ascribed to certain
Introduction regions based on similarities with other proteins. Cen-
trally located in the PDZ-RhoGEF sequence of 1522
The Ras superfamily of small GTP binding proteins play amino acids is an 200 residue DH (Dbl homology) do-
a critical role in a number of key cellular processes,
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sequences bear distant homology to the so-called RGS
proteins (regulators of G protein signaling), and the ter-
minology of “RGSL” for “RGS-like” underscores the evo-
lutionary divergence of this subfamily of signaling do-
mains. RGS proteins constitute a protein family of at
least 24 members, each containing a homologous do-
main of 130 residues, denoted the RGS domain [27].
These proteins are downstream effectors of trimeric G
proteins, and they exclusively bind members of the Gi
and Gq subfamilies in the activated state. Many RGS
proteins modestly accelerate the GTPase activity of the
G subunits, prompting suggestions that their physio-Figure 1. Scheme of the GPCR Signaling Pathway Involving PDZ-
logical role is analogous to the GAPs, which biologicallyRhoGEF
downregulate small cytosolic GTPases, including RhoMolecular interactions are schematically shown to summarize the
[28, 29].current understanding of G protein-coupled signaling to Rho
The RGSL domains found in the RhoGEFs are thoughtGTPases via PDZ-RhoGEF. A transmembrane G protein-coupled
receptor is shown bound to an extracellular ligand, leading to intra- to function similarly to RGS domains by binding acti-
cellular activation of heterotrimeric G proteins of the G12/13 family, vated G proteins. In contrast to the RGS proteins, how-
which directly bind the RGSL domain of PDZ-RhoGEF. The multi- ever, the RGSL-containing RhoGEFs display distinct
domain PDZ-RhoGEF protein is illustrated to identify the domain
specificity for the G12/13 family. Full-length PDZ-RhoGEFstructure in a linear representation, which highlights the downstream
directly associates with G12/13 proteins in vivo, and thisactivation of Rho GTPases by the nucleotide exchange factor activ-
interaction is mediated by the RGSL domain [14]. In rats,ity contained in the DH domain.
the PDZ-RhoGEF was very recently shown to modulate
the activity of the neuronal glutamate transporter EAAT4
main, which is closely followed by an 100 residue PH and to interact with the active form of G13 [16]. LARG
(pleckstrin homology) domain, a pattern found in all Rho- similarly associates with G12/13, and expression of its
GEFs [20]. While the DH domain is exclusively responsi- RGSL domain alone significantly inhibits cellular re-
ble for the nucleotide-exchange activity in vitro, the PH sponses to G12/13 activation [17]. In other studies, the
domain is thought to be important for membrane local- RGSL domain of p115-RhoGEF was found to be neces-
ization through interactions with phosphatidyl inositol sary for binding G12/13, which stimulated the protein’s
phosphates, but the possibility of unrecognized func- GEF activity, thus establishing a causal relationship be-
tions including protein-protein interactions cannot be tween G12/13 stimulation and Rho activation [13]. This
excluded [21]. RGSL domain also displays small, albeit measurable,
In addition to the tandem DH-PH domains, PDZ-Rho- GAP activity toward G12/13 GTPases, but whether such
GEF contains an N-terminal PDZ domain of 80 amino GAP activity is inherent to all of these RhoGEFs is uncer-
acids followed by a RGSL domain of about 200 residues. tain [30]. Less is known about the direct interactions of
Little is known about the function of the PDZ domain in RhoGEF2Dm, but genetic studies indicate that it lies
this protein, but in other proteins, PDZ domains typically downstream of trimeric G proteins [25, 26].
participate in protein-protein complexes by binding the Recent progress is beginning to reveal the molecular
C terminus of a protein partner [22]. The RGSL domain, architecture of various RhoGEFs through studies of indi-
also known as the LH domain [14], was initially identified vidual domains and their complexes. The structure of the
by its sequence homology to Lsc [23], a protein very DH-PH tandem from the SOS protein was determined at
similar in sequence to p115-RhoGEF [24]. Homologous 2.3 A˚ resolution [31]. Very recently, an elegant study by
regions are also found in LARG and in the Drosophila Worthylake et al. [32] showed how the DH-PH tandem
of another GEF (Tiam1) interacts with its target GTPase,homolog, RhoGEF2Dm [18, 25, 26]. These amino acid
Figure 2. Binding of G13 to the RGSL Do-
main of PDZ-RhoGEF
The upper panel shows the presence of G13
expression in all samples of total cellular ly-
sates of human kidney 293T cells transfected
as described in Experimental Procedures by
Western blot analysis using a monoclonal an-
tibody against HA. To demonstrate the inter-
action of G13 with intact PDZ-RhoGEF and
a deletion mutant lacking the RGSL domain,
cellular lysates of appropriately cotrans-
fected 293T cells were immuno-precipitated
(IP) with anti-AU1 antibody (upper panel,
lanes 1 and 2, respectively). The result shows
that the binding of G13 is RGSL domain-
dependent. Finally, each of the wild-type and mutant forms of the RGSL domain (expressed in E. coli as a His-tagged fusion protein) was
bound to TALON resin and used to pull-down G13 from 293T cell lysates (lanes 4–9), visualized as above. Lane 3 is the corresponding control
of TALON resin alone. The RGSL constructs contain the following point mutations: RGSLm1 (E370A, K371A), RGSLm2 (E403A, E406A), RGSLm3
(E411A, E414A), RGSLm4 (E451A, K452A), and RGSLm5 (K463A, E465A, and E466A).
RGSL Domain from PDZ-RhoGEF
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Table 1. X-ray Diffraction Data and MAD Phasing Statistics
Crystal 1 Crystal 1 Crystal 1
X-ray Data Peak Inflection Remote Crystal 2
Wavelength (A˚) 0.9791 0.9793 0.9717 0.9717
Resolution (A˚) 2.5 2.5 2.5 2.2
Observations 86,068 57,171 57,315 57,934
Unique Reflections 8,907 8,883 8,895 12,161
Completeness (%) 99.9 (100) 99.9 (99) 99.9 (99) 98.7 (99)
I/I 9.5 (4.9) 14.1 (7.6) 13.9 (7.2) 12.1 (4.4)
Rsym (%) 9.3 (45) 6.5 (24) 6.0 (24) 5.2 (30)
MAD Phasinga
Phasing Power 0.41 1.2 —
RCullis (acentric/centric) 0.94/0.90 0.80/0.67 —
RCullis anomalous 0.68 0.72 0.62
Meam FOM (2.5 A˚) 0.54
DM mean FOM (2.2 A˚) 0.73
a Phasing statistics are from MLPHARE and DM, treating MAD data as MIR case, with remote as native.
Rsym  |I  I|/I, where I is the integrated intensity for a particular reflection.
Phasing power  FH/lack of closure, and RCullis  ||FPH|  |FP|  |FH|calc|/||FPH|  |FP||, where FPH, FP, and FH are the scaled structure
factors of the derivative, native, and heavy atom, respectively.
RCullis anomalous  [(|DPH|  |DPH|calc)2/(DPH)2]1/2, where DPH is the anomalous difference for FPH.
Figure of Merit  P()ei/P(), where P() is the phase probability at the angle .
Values in parentheses are for the highest resolution shell.
Rac1, although it is not certain if this mode of interaction able to serve as a model of the functional interaction of
RGS proteins with G [38].applies uniformly to all Rho-specific GEFs. An NMR
study of the DH domain of Vav demonstrated the basis In the present study, we determined the crystal struc-
ture of the RGSL domain of PDZ-RhoGEF. As the firstof autoinhibition by tyrosine phosphorylation [33], al-
though this type of regulation is not ubiquitous and does structure for this domain from any of the RhoGEFs, it
presents unique features that shed light on the PDZ-not apply to the PDZ-containing RhoGEFs. Additionally,
structures of several PDZ domains are available, includ- RhoGEF itself and provides a better model for under-
standing other RhoGEFs as well. We compare the RGSLing that of the protein PSD-95 with its target peptide
[34]. With regard to the remaining modular domain in structure with that of RGS4 bound to Gi1[38] and dis-
cuss the features that are potentially important for thePDZ-RhoGEF, the RGSL domain, structural studies of
three RGS proteins, RGS4, GAIP, and Axin, are relevant, interaction between PDZ-RhoGEF and G12/13 proteins.
In addition, we highlight an application of a novel strat-but divergence of amino acid sequences limits the infor-
mation these models can provide for understanding egy used to obtain the protein crystals that is proposed
by us elsewhere [39]. Because the wild-type RGSL do-structure-function relationships in the RhoGEFs [35–37].
Of particular interest, however, is the crystal structure main did not readily yield crystals, we set out to crystal-
lize parallel preparations of site-directed mutants de-of RGS4 in a complex with Gi1, the only structure avail-
signed to modify clusters of surface residues, aiming to
create an epitope favorable for protein-protein interac-
Table 2. Model Refinement tions necessary for crystallization [40]. Here, we show
Resolution range (A˚) 20–2.2 that the epitope containing the sites of mutagenesis
Reflections (work/free) 10,368/799 mediates important intermolecular contacts within the
Completeness (work/free %) 85/6.5 crystal, and we suggest that similar strategies can be
R factor (work/free %) 22.3/25.8 applied for the study of other proteins or domains found
Overall Anisotropic B Factor (A˚2) to be resistant to crystallization.
B11, B22, B33 10.2, 10.2, 20.4
B12, B13, B23 8.4, 0, 0 Results and Discussion
Protein residues 182
Solvent molecules 84 Functional Interaction of RGSL Mutants with G13
Mean B factor (A˚2) 48 The RGSL domain, comprising residues 281–490 of
PDZ-RhoGEF, was expressed in bacterial cells as pre-Rmsd Ideal Geometry
viously described [40], but because this wild-type con-
Bond lengths (A˚) 0.008
struct did not crystallize, several multiple site-directedBond angles (	) 1.26
mutants were designed. Clusters of lysine and gluta-Dihedral (	) 19.3
Improper (	) 0.74 mate residues were targeted for point mutation to ala-
nine with the intention of modifying statistically probableRamachandran Plot
surface residues to improve crystallization [40]. Four
Most favored (%) 90.1 double mutants and one triple mutant were generated
Additionally allowed (%) 9.9
and tested for the ability to interact with a constitutively
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Figure 3. Representative Electron Density
The final 2Fo-Fc electron density map is shown
in stereo and contoured at the 1  level. The
view is of an intermolecular contact at a two-
fold crystallographic symmetry axis located
along the a-axis of the unit cell. The separate
molecules are distinguished by color, whereby
the carbon atoms are colored green in one
case and gray in the other. Residues are la-
beled with numbers, and the surrounding sol-
vent molecules are colored orange.
activated form of G13. All five RGSL mutants specifically tutively activated form of G13. These results not only
show that the RGSL mutants are capable of bindingcoprecipitate G13 in pull-down assays from crude human
293T cell lysates, in a manner identical to the wild-type G13, but they also strongly suggest that the mutations
do not perturb the overall structure of the RGSL domain.protein (Figure 2). Immunoprecipitation of AU1-tagged
PDZ-RhoGEF with anti-AU1 antibody yields coprecipita-
tion of G13, while a PDZ-RhoGEF deletion mutant that Structure Determination and Quality of the Model
Crystallization conditions were screened for all fivelacks the RGSL domain does not precipitate G13. Simi-
lar interaction is observed for each of the five mutants RGSL mutants, and crystals were readily obtained only
for the triple mutant construct containing the mutationsimmobilized on Ni-resin, specifically binding the consti-
Figure 4. Tertiary Fold of the RGSL Domain
(a) This ribbon diagram is colored from the N
terminus (red) to the C terminus (blue), and
secondary structural elements are numbered
sequentially.
(b) Alignment of the RGSL domain and the
structure of RGS4 (gray) is shown in stereo
as an -carbon trace from the same perspec-
tive as in (a). The RGSL is colored green for
the overlapping portion and colored magenta
for the C-terminal extension. The residue
numbering of the RGSL domain is labeled
according to the full-length PDZ-RhoGEF.
RGSL Domain from PDZ-RhoGEF
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K463A, E465A, and E466A [40]. These hexagonal crys-
tals diffracted X-rays to medium resolution and contain
one molecule in the asymmetric unit. To determine the
structure, protein containing seleno-methionine was
crystallized under conditions similar to those initially
found for the native RGSL mutant preparation. Using
synchrotron radiation, a MAD data set was collected at
three wavelengths on a single Se-Met crystal diffracting
to 2.5 A˚ resolution, and the Se atom substructure was
readily determined (Table 1). Subsequent density modi-
fication yielded an easily interpretable electron density
map. Although native crystals did not diffract quite as
well, higher resolution data were collected on a second
Se-Met crystal and used for structure refinement to 2.2 A˚
(Table 2). All the diffraction data display relatively strong
anisotropy, whereby the crystals diffract to higher reso-
lution along the six-fold axis than they do in a perpendic-
ular direction. While this anisotropy would have likely
posed difficulties for isomorphous replacement tech-
niques, the MAD method proved to be an efficient strat-
egy for experimental phase determination.
The final model contains residues 306–487 (numbered
as in the full-length PDZ-RhoGEF) and has a conven-
tional R factor of 22.3% (Rfree of 25.8%). The quality
of the electron density map with the refined model is Figure 5. Hydrophobic Interactions in the Core of the RGSL Domain
exemplified in Figure 3. No electron density is observed The arrangement of helices 11 and 12 relative to the location of
for the first 25 N-terminal residues of the protein con- helices 3 and 4 of the RGSL domain are viewed from a perspective
struct, and they are assumed to be disordered. The same that is rotated 180	 about a vertical axis from the view in Figure 4a,
but the coloring is similar. Hydrophobic residues are drawn andis true of the last three C-terminal residues. The stereo-
labeled to highlight the interaction of the secondary structural ele-chemical quality of the model is reflected by the small
ments within the RGSL domain.differences from ideal bond lengths and angles, and the
Ramachandran plot shows that 90% of the residues
adopt most favored main chain phi-psi angles, while
In spite of significantly divergent amino acid se-no residues are in disallowed regions as defined by
quences, the crystal structure of RGS4 (pdb code:PROCHECK (Table 2) [41].
1AGR) aligns reasonably well with the RGSL structure,
excluding the latter’s three C-terminal helices. Out of
the 128 -carbon atoms in RGS4, 108 can be alignedOverall Fold and Comparison with RGS Proteins
The structure consists of 12 helices that fold into a com- with the RGSL structure, yielding an rms displacement
of 2.0 A˚ (Figure 4b). It is worth noting that the structurespact domain that contains the overall structural scaffold
observed in other RGS proteins and three additional of RGS proteins reveal significant conformational flexi-
bility within a fairly well-preserved tertiary fold [35–38].helical elements that pack closely to it (Figure 4a). Heli-
ces 1–9 comprise the RGS fold, in which helices 4–7 The structure of free RGS4 (i.e., not bound to Gi1) was
recently determined by NMR, and the major differenceform a classic antiparallel bundle adjacent to the other
helices. Like other RGS structures, helices 7 and 8 span with the Gi1-bound crystal structure is the location of
the kink in the otherwise continuous helices 7 and 8the length of the folded domain and form essentially one
continuous helix with a kink in the middle. An unusual [35]. This kink is more pronounced and centrally located
at Ser164 in the bound structure. The correspondingfeature, which is also observed in other RGS structures,
is one turn of a 
-type helix at the C terminus of helix helices in the structures of GAIP and Axin adopt a con-
formation more like the bound structure of RGS4 [36,5. Helices 10–12 form an apparently stable C-terminal
extension of the structural domain, and although other 37]. This central kink in the RGSL structure occurs one
turn closer to the N terminus and is apparently causedRGS proteins lack this structure, these elements are
intimately associated with the rest of the structural by a proline residue, Pro410, which is located at the
bend, eliminating one residue relative to the RGS4framework by hydrophobic interactions (Figure 5). In
particular, six hydrophobic residues from helices 11 and structure.
Based on the structural alignment of PDZ-RhoGEF12 (Helix 11: Leu 454, Leu 457, and Leu 461; Helix 12:
Met 472, Leu 476, and Met 480) interact closely with and RGS4, sequence alignment of the RGSL proteins
with two representatives of the RGS family is providedseven residues from helices 3 and 4 (Helix 3: Leu 324,
Leu 328, Ile 331, and Phe 332; Helix 4: Leu 340, Leu (Figure 6a), and it differs slightly from previously pro-
posed alignments. While there are no residues that are341, and Leu 344). Because of these interactions, these
helices are not likely to transiently unfold or separate absolutely conserved throughout the entire RGS family,
the alignment with RGS4 shows 17% amino acid iden-and should be regarded as an intimate part of the RGSL
fold, making it distinct from RGS. tity, with identical residues and conservative substitu-
Structure
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Figure 6. Sequence Conservation of Rho-
GEFs and RGS4 Proteins
(a) This structure-based sequence alignment
shows the amino acid similarity of the RGSL
domains compared to the RGS4 protein se-
quence. Identical and similar residues are
highlighted with background shades of black
and gray, respectively, and secondary struc-
tural elements are indicated above the PDZ-
RhoGEF sequence. Residues of PDZ-Rho-
GEF that were mutated to alanine in the five
mutant constructs are indicated with a pound
sign, and residues of RGS4 that interact with
Gi in the crystal structure of the complex [38]
are noted with an asterisk. Residues are num-
bered according to the sequences of the full-
length proteins. The GenBank accession codes
for the sequences are as follows: PDZ-Rho-
GEF (BAA20834), LARG (AAF36817), p115Rho-
GEF (4,759,190), RhoGEF2Dm (AAB88816),
GAIP (P49795), and RGS4 (P49799).
(b) The amino acid conservation among the
four RhoGEFs is represented on a backbone
worm of the RGSL structure, whereby con-
servation increases with the intensity of red,
indicating complete amino acid conservation.
tions throughout. A similar pattern is observed for GAIP the extended boundaries of the RGSL domain as defined
by the ordered portion of the protein in the crystal, resi-and Axin, displaying equally distant divergence in phylo-
genetic analysis. In contrast, alignment of PDZ-RhoGEF dues 306–487. Conversely, the disordered residues
might be considered flexible linkers that connect towith other RhoGEF family members shows that the
RGSL domain of PDZ-RhoGEF has 35% identity with other structurally distinct domains in PDZ-RhoGEF. Fi-
nally, the fact that surface residues are not highly con-LARG, 34% with p115RhoGEF, and 25% with Rho-
GEF2Dm. Although the latter percentages are modest, served suggests that there are likely variations in the
details of the interactions these protein domains makethe RGSL proteins arguably constitute a separate pro-
tein subfamily, not only due to the slightly higher se- with other domains or binding partners.
quence identity, but also because of the homologous
C-terminal regions extending beyond the 130-residue Modeling the Functional Interaction
with G12/13 ProteinsRGS domain to include the three additional helices. Con-
servation of residues, especially hydrophobic residues Because the RGSL domain is structurally similar to RGS
proteins and directly associates with G12/13, it is naturalin the C-terminal extension, suggests that these Rho-
GEFs adopt a similar structure. However, the pattern of to compare the RGSL structure with that of the crystal
structure of RGS4 bound to Gi1, currently the only avail-amino acid conservation among the four members of
this subfamily is primarily limited to the interior of the able model of a complex between members of these
protein families [38]. In that model, RGS4 binds to thestructure (Figure 6b).
The present study reveals the structural features for switch regions of the G subunit using a surface of RGS4
RGSL Domain from PDZ-RhoGEF
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interference, then, RGS4 and the  subunit cannot bind
G simultaneously.
At present, there is no experimental evidence support-
ing the notion that the similar folds of RGS4 and RGSL
lead to similar modes of interactions with the G pro-
teins, although this is highly probable. To evaluate the
potential molecular interactions between the RGSL do-
main of PDZ-RhoGEF and the G12/13 proteins, the atomic
model of RGSL was docked as a rigid body into the
position occupied by RGS4 in the complex with Gi1
(Figure 7). We observe, that, in this putative complex, the
interactions of PDZ-RhoGEF with G differ significantly
from those that RGS4 makes in the crystal structure,
and we note a possible peripheral interaction with the
novel RGSL loop between helices 11 and 12, which is
not found in RGS4. In fact, the location of helices 11
and 12 of the RGSL domain are likely to exacerbate the
steric interference with the  subunit of the G protein
trimer. Thus, these C-terminal helices might help PDZ-
RhoGEF compete with the  dimer for their common
binding partner.
The analysis of the surface of RGS4 that interacts with
Figure 7. Hypothetical Model of the Interaction between the RGSL Gi1 reveals a dramatic lack of hydrophobic residues; in-
Domain and G stead, this surface is hydrophilic and capable of forming
The RGSL structure was placed into the position occupied by RGS4 hydrogen bonding networks that are typical of specific
in the complex with Gi1 [38], overlapping the  carbons as a rigid and transient interactions [38]. Like RGS4, the corre-
body by a least squares algorithm, as in Figure 4b. The ribbon sponding surface of the RGSL structure lacks hydropho-
tracing of the RGSL structure is colored as in Figure 4a, and several
bic residues. However, the amino acid composition andhelices are labeled. The structure of Gi1 is also shown as a ribbon
the structural details of this region differ considerablytracing together with the bound GDP-AlF4, but the N-terminal helix
between RGS4 and RGSL. In the complex, RGS4 ishas been truncated for clarity. The three switch regions are high-
lighted in red, and the location of Thr182 in switch 1 is identified by bound to an epitope that contains Thr182 in the switch
ball-and-stick representation. 1 region of Gi1, with seven highly conserved residues
in the RGS family clustered in close proximity [38]. All
of these residues are different in the RGSL domain, with
composed of helices 7 and 8 together with residues in the exception of a conservative substitution, Glu414, in
the loops between helices 3 and 4 and helices 5 and 6. the position occupied in RGS4 by Asp163. The side
Comparison with the structure of an intact G protein chain of this residue forms a hydrogen bond with the
 heterotrimer suggests that RGS4 competes with  backbone amide of Thr182 in Gi1, and the structural
modeling would indicate that Glu414 might interact simi-for part of the same surface of Gi [42]. Because of steric
Figure 8. Molecular Packing in the Crystals
of the RGSL Domain
The packing of six molecules related by crys-
tallographic symmetry is shown from a view
of the two-fold symmetry along the a-axis of
the unit cell. The six-fold screw axis is in the
vertical direction, and the molecules related
by this symmetry are distinguished by differ-
ent shades of the same color, i.e., red or
green. The locations of residues 463, 465, and
466, the cluster of three residues that were
mutated to alanine in the crystallized protein
construct, are highlighted using yellow spheres.
Structure
566
larly with G12/13. Although the exposed side chain of dicular to the antiparallel paths of the main chain for
residues 463–466 of each molecule, and the contact isThr182 in Gi1 is central to the interface, this residue is
repeated along the c-axis, forming the central contactssubstituted in G12/13 proteins with a lysine, which is one
for a helical arrangement of two spiraling strands ofof the few residues over the entire interface that is not
molecules that comprise the six-fold screw symmetry.conserved between Gi and G12/13, the targeted partner
The atoms for residues 463–466 are well ordered andfor PDZ-RhoGEF. Assuming the lysine at this position
display unambiguous electron density with the sur-in G12/13 proteins is similarly buried in a complex with
rounding solvent (Figure 3). The intermolecular contactthe RGSL domain, extra space in this region of the RGSL
exhibits a network of hydrogen bonds that apparentlydomain might accommodate the larger side chain and
stabilize the close packing between the molecules wepotentially includes a favorable interaction with Asp336
refer to here as A and B. The carbonyl oxygen of residueor Gln415 of PDZ-RhoGEF. However, no crystal struc-
463 in molecule A (463A) is 2.99 A˚ from the main chainture of a G12/13 protein is available to serve as a model.
amide of residue 466 in molecule B (466B). In addition,With the assumption that the RGSL domain and RGS4
463A and 467B interact via a water-mediated contact,share a topologically common interface of binding G
whereby the intermediary water is 2.47 A˚ from atom 463Aproteins, the specificity that PDZ-RhoGEF exhibits for
CO and 3.01 A˚ from atom 467B NH. Because of the two-the G12/13 would appear to involve the G12/13-specific
fold symmetry, these interactions are repeated and yieldlysine residue in the switch 1 region at the center of the
four specific intermolecular contacts over this shortbinding interface with RGS4, as noted. Based on amino
span of five residues. These results suggest that a criti-acid conservation among RhoGEFs and structural loca-
cal role is played by the alanine mutations for crystaltion, we suggest that Asp336, Arg376, Gln415, Asp418,
formation and, together with previous studies, advocateArg420, and Lys422 play important roles for specific
that the strategy might find broader application to pro-interactions with G12/13 proteins. Other interactions are teins that are otherwise resistant to crystallization. Inlikely also important. Asn128 of RGS4, a highly con-
these cases, the mutations effectively create a proteinserved residue in the RGS family, was recently shown
binding region, allowing for intermolecular main chainto contribute to the binding affinity and selectivity for
contacts that promote crystallization.
G subunits [43]. The corresponding residue in PDZ-
RhoGEF is a lysine residue (Lys378), and although it
Biological Implications
may play an important role in binding G by the specific
RGSL, it is not conserved among the other RhoGEFs.
Evidence that Rho GTPases mediate signaling down-
In other studies, the selectivity of GAIP for the Gi sub- stream of trimeric G proteins and G protein-coupled
family members was recently ascribed to a single aspar- receptors has been accumulating over the past decade.
tate residue in the switch 3 region of Gi, Asp229, but the However, a direct link between activated G proteins
rationale for this is quite complex because this residue is and certain RhoGEFs has only recently been demon-
remote in relation to the interface [44]. A more direct strated. Active G12/13 proteins bind to an RGS-like
interaction may be possible for G discrimination by (RGSL) domain found in PDZ-RhoGEF, LARG, and p115
PDZ-RhoGEF, for the modeling reveals a potentially RhoGEF, all of which are selective nucleotide exchange
close contact of Arg 269 of G12/13, a family-specific factors for Rho. Here, we determined the structure of
residue in the switch 3 region, and a neighboring gluta- the RGSL domain from PDZ-RhoGEF, the first member
mate residue, Glu381, found at the N terminus of helix of a novel family of signaling domains, to 2.2 A˚ resolution
6 in the PDZ-RhoGEF structure, possibly leading to a using X-ray diffraction methods. We showed that part
favorable electrostatic interaction. However, a detailed of this domain shares a common structural fold with
explanation of the binding and specificity determinants RGS proteins, a family named for its ability to regulate
PDZ-RhoGEF uses to recognize G12/13 proteins will have G protein signaling. In addition to the RGS-like architec-
to await further structure-function studies and will per- ture, the RGSL structure contains three additional heli-
haps ultimately require additional structure determina- ces on the C terminus that are integrally associated with
tion of relevant complexes. the structural domain. The similarity to RGS proteins
provides an opportunity for comparison with the struc-
ture of a complex between RGS4 and Gi and is the
Molecular Packing in the Crystal and the Importance basis for modeling the interaction of PDZ-RhoGEF with
of Mutated Residues G12/13 proteins, the upstream activators of this family
The novel strategy used to obtain the initial crystals was of RhoGEFS. The availability of the structure of the RGSL
critically important for the successful determination of domain now provides a more accurate basis for further
the RGSL structure. Although the initial protein con- study of the members in the family of RhoGEFs con-
struct did not crystallize, crystals were readily obtained taining a RGSL domain. Finally, we highlight a point of
for the triple-mutant construct (K463A, E465A, and technical interest that crystals of the RGSL domain were
E466A). Interestingly, the apparent importance of the obtained by site-directed mutagenesis of surface resi-
dues using a novel strategy, which might be applicablemutations for crystallization is made even more compel-
to other proteins resistant to crystallization.ling by studying the molecular contacts within the crys-
talline lattice (Figure 8). The triple mutation occurs at
Experimental Proceduresthe surface of the protein in a loop between helices
11 and 12, precisely the location of an intermolecular Human Kidney Cell Culture and Transfection
contact with a molecule related by two-fold crystallo- Human kidney 293T cells were maintained in Dulbecco’s modified
Eagles’s medium (DMEM) (Life Technologies) supplemented withgraphic symmetry. This two-fold axis is roughly perpen-
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10% fetal bovine serum. Plasmids expressing AU1-tagged PDZ- 20% glycerol) and plunging them into liquid nitrogen. X-ray diffrac-
tion data were collected at the NSLS beamline X9B using an ADSCRhoGEF, its RGSL domain deletion mutant form, and constitutively
activated forms of HA-tagged G13 were described previously [14, quad ccd detector. A three-wavelength MAD data set was collected
to 2.5 A˚ resolution on a Se-Met-containing crystal. Crystals of the45]. Transfection of DNA plasmids into cells was carried out using
LipofectAMINE plus, according to the manufacturer’s protocol. For native protein were slightly smaller and diffracted to lower resolu-
tion. However, a second Se-Met crystal was found to diffract tothe transfection into 293T cells, tissue culture plates were coated
with poly-D-lysine to prevent cell detachment from the plates. higher resolution, so an additional data set was collected for struc-
ture refinement (Table 1). Diffraction data were processed with
HKL2000 [46], and intensities were converted to structure factorAffinity-Precipitation of Cellular G13
magnitudes using TRUNCATE [47]. The diffraction pattern exhibitedThe plasmids carrying mutant RGSL domains (pET-RGSLm1, pET-
the symmetry of space group P6122, indistinguishable from P6522RGSLm2, pET-RGSLm3, pET-RGSLm4, and pET-RGSLm5) were in-
at this stage, and had unit cell parameters of a  b  61.61 A˚, c troduced in Escherichia coli BL21, and the His-tagged fusion pro-
201.91 A˚. Assuming that there is one 23,900 Da molecule in theteins were expressed and isolated as an Ni-resin-bound form using
asymmetric unit, the Matthew’s coefficient, Vm, is 2.3 A˚3/Da, whichTALON resin (Clontech). The amount of protein bound to TALON
corresponds to a solvent content of 47%.resin was analyzed by SDS-poly-acrylamide gel electrophoresis with
Coomassie stain. Human kidney 293T cells transfected as described
above were lysed in a buffer containing 100 mM NaCl, 20 mM HEPES Structure Determination and Refinement
(pH 7.4), 10 mM MgCl2, 40 mM -glycerophosphate, 1 mM Na3VO4, All data from the MAD experiment were selected as input for SOLVE
10 g/ml aprotinin, 10 g/ml leupeptin, 1 mM phenylmethylsulfonyl [48]. Consistent with the number of methionines in the protein con-
fluoride, and 1% Nonidet P-40 (lysis buffer). The lysates were clari- struct, four selenium sites were found, yielding a Z-score of 15.7
fied by centrifugation at 14,000g at 4	C for 10 min, and the superna- with a mean figure of merit of 0.67. The four sites were refined further
tants were incubated with RGSL domain mutants that were bound using MLPHARE, and the resulting phases were subjected to density
to TALON resin at 4	C for 1 hr, using TALON resin alone as a control. modification with DM (Table 1) [47]. Inspection of the electron den-
The resin was washed four times with lysis buffer and subjected to sity maps from parallel calculations unambiguously revealed the
SDS-poly-acrylamide gel electrophoresis on a 14% gel. Bound G13 space group to be P6122, rather than its polar mate. A model was
was detected by Western blot using a monoclonal antibody against readily built into the resulting electron density map using O [49],
HA (BABCO). and the structure was refined toward structure factor magnitudes
together with phase information encoded in the HL coefficients
using CNS [50]. The solvent was identified automatically and addedCoimmunoprecipitation and Western Blot Analysis
upon inspection of electron density maps and the stereochemical293T cells were transfected with vectors expressing AU1-tagged
environment.wild-type and RGSL domain-deleted mutant forms of PDZ-RhoGEF
Because of strong anisotropy in the data, structure factor magni-together with plasmids for the HA-tagged activated forms of G13.
tudes were derived by the simple square-root of the intensities,After 24 hr, cells were washed twice with phosphate-buffered saline
and negative values were truncated to zero, rather than applyingand lysed at 4	C in the lysis buffer used for the affinity-precipitation
a statistical correction to weak reflections, as commonly used inassay. AU1-tagged wild-type and deletion mutant forms of PDZ-
TRUNCATE [51]. The data are much stronger in the c* direction withRhoGEF were immunoprecipitated from the cleared lysate with spe-
a mean F/ value of 19  near 2.2 A˚, whereas data along the a* axiscific antibodies against AU1 (BABCO), and immunocomplexes were
has a value of 2.5 . Correspondingly, a majority of the 962 reflec-recovered with Gamma-bind Sepharose beads (Pharmacia). Lysates
tions that have negative intensity are within a 30	 cone of the a*and anti-AU1 immunoprecipitates were analyzed by Western blot-
axis. An overall anisotropic B factor correction was refined andting after SDS-poly-acrylamide gel electrophoresis, transferred to
applied to the data at each stage of refinement in CNS (final tensorImmobilon-P Transfer Membranes (Amersham Life Science), and
values in Table 2). Incidentally, the data collected from the firstimmunoblotted with mouse monoclonal AU1 antibody. Immuno-
crystal used for phasing also exhibited anisotropy of a similar magni-complexes were visualized by enhanced chemiluminescence anti-
tude. Several rounds of model building and refinement yielded amouse IgGs (coupled to horseradish-peroxidase) as a secondary
model that fits the electron density well and has reasonable geome-antibody (Cappel).
try. Figures were prepared using MOLSCRIPT [52], BOBSCRIPT
[53], and GRASP [54].Protein Preparation and Crystallization
Seleno-methionine-containing protein was generated in E. coli
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Cells were transformed with the pET22b-derived pHis-RGSL plas-
mid construct encoding the triple alanine mutation (K463A, E465A, This work was supported by National Institutes of Health grant
and E466A) and cultured in defined LeMaster medium at 37	C. When HL48807. We thank Dr. Jia Li for helpful discussions concerning Se-
the 4 liter culture reached an OD600nm of 0.3, expression was induced Met protein production, and we also thank Dr. Zbigniew Dauter for
with 0.5 mM isopropyl thiogalactoside, and the culture was trans- assistance with data collection at the National Synchrotron Light
ferred to 25	C for 18 hr. The recombinant His-tagged protein was Source, Brookhaven National Laboratory.
purified like the native construct [40]. Briefly, following centrifuga-
tion, the cell pellet was resuspended in lysis buffer (50 mM Tris-HCl Received: January 30, 2001
[pH 8.5], 300 mM NaCl, and 1mM PMSF) and homogenized with a Revised: April 30, 2001
French press. The homogenate was clarified by centrifugation, and Accepted: May 10, 2001
protein was purified from the soluble fraction using Ni-NTA-agarose
(Qiagen). The N-terminal His-tag was cleaved using rTEV protease References
(Gibco-BRL) and separated by gel filtration chromatography with
Superdex 75 (Pharmacia). The final protein sample for crystallization 1. Hall, A. (1998). Rho GTPases and the actin cytoskeleton. Sci-
was concentrated to 12 mg/ml in 20 mM Tris-HCl (pH 8.5) and 5 ence 279, 509–514.
mM dithiothreitol. Crystals (160  160  350 m) were obtained by 2. Bishop, A.L., and Hall, A. (2000). Rho GTPases and their effector
vapor diffusion at 20	C, mixing equal volumes of protein with reser- proteins. Biochem. J. 348, 241–255.
voir solution (40%–42% saturated ammonium sulfate, 2% PEG 400, 3. Takano, H., et al., and Yazaki, Y. (1998). The Rho family G pro-
and 100 mM Tris-HCl [pH 7.5–7.8]), which is similar to the optimal teins play a critical role in muscle differentiation. Mol. Cell. Biol.
crystallization condition for the native protein [40]. 18, 1580–1589.
4. Moorman, J.P., Luu, D., Wickham, J., Bobak, D.A., and Hahn,
C.S. (1999). A balance of signaling by Rho family small GTPasesX-ray Data Collection
Crystals were frozen by transferring them into a stabilizing solution RhoA, Rac1 and Cdc42 coordinates cytoskeletal morphology
but not cell survival. Oncogene 18, 47–57.(48% saturated ammonium sulfate, 100 mM Tris-HCl [pH 7.8], and
Structure
568
5. Kaibuchi, K., Kuroda, S., and Amano, M. (1999). Regulation of 28. Ross, E.M., and Wilkie, T.M. (2000). GTPase-activating proteins
for heterotrimeric G proteins: regulators of G protein signalingthe cytoskeleton and cell adhesion by the Rho family GTPases
in mammalian cells. Annu. Rev. Biochem. 68, 459–486. (RGS) and RGS-like proteins. Annu. Rev. Biochem. 69, 795–827.
29. De Vries, L., Zheng, B., Fischer, T., Elenko, E., and Farquhar,6. Chimini, G., and Chavrier, P. (2000). Function of Rho family
proteins in actin dynamics during phagocytosis and engulfment. M.G. (2000). The regulator of G protein signaling family. Annu.
Rev. Pharmacol. Toxicol. 40, 235–271.Nat. Cell Biol. 2, E191–E196.
7. Prokopenko, S.N., Saint R., and Bellen, H.J. (2000). Untying the 30. Kozasa, T., et al., and Sternweis, P.C. (1998). p115 RhoGEF, a
GTPase activating protein for Galpha12 and Galpha13. ScienceGordian knot of cytokinesis. Role of small G proteins and their
regulators. J. Cell Biol. 148, 843–848. 280, 2109–2111.
31. Soisson, S.M., Nimnual, A.S., Uy, M., Bar-Sagi, D., and Kuriyan,8. Somlyo, A.P., and Somlyo, A.V. (2000). Signal transduction by
G-proteins, rho-kinase and protein phosphatase to smooth J. (1998). Crystal structure of the Dbl and pleckstrin homology
domains from the human Son of sevenless protein. Cell 95,muscle and non-muscle myosin II. J. Physiol. 522, 177–185.
9. Uehata, M., et al., and Narumiya, S. (1997). Calcium sensitization 259–268.
32. Worthylake, D.K., Rossman, K.L., and Sondek, J. (2000). Crystalof smooth muscle mediated by a Rho-associated protein kinase
in hypertension. Nature 389, 990–994. structure of Rac1 in complex with the guanine nucleotide ex-
change region of Tiam1. Nature 408, 682–688.10. Zohn, I.M., Campbell, S.L., Khosravi-Far, R., Rossman, K.L., and
Der, C.J. (1998). Rho family proteins and Ras transformation: the 33. Aghazadeh, B., Lowry, W.E., Huang, X.Y., and Rosen, M.K.
(2000). Structural basis for relief of autoinhibition of the DblRHOad less traveled gets congested. Oncogene 17, 1415–1438.
11. Sah, V.P., Seasholtz, T.M., Sagi, S.A., and Brown, J.H. (2000). homology domain of proto-oncogene Vav by tyrosine phos-
phorylation. Cell 102, 625–633.The role of Rho in G protein-coupled receptor signal transduc-
tion. Annu. Rev. Pharmacol. Toxicol. 40, 459–489. 34. Doyle, D.A., Lee, A., Lewis, J., Kim, E., Sheng, M., and MacKin-
non, R. (1996). Crystal structures of a complexed and peptide-12. Seasholtz, T.M., Majumdar, M., and Brown, J.H. (1999). Rho
as a mediator of G protein-coupled receptor signaling. Mol. free membrane protein-binding domain: molecular basis of pep-
tide recognition by PDZ. Cell 85, 1067–1076.Pharmacol. 55, 949–956.
13. Hart, M.J., et al., and Bollag, G. (1998). Direct stimulation of 35. Moy, F.J., et al., and Powers, R. (2000). NMR structure of free
RGS4 reveals an induced conformational change upon bindingthe guanine nucleotide exchange activity of p115 RhoGEF by
Galpha13. Science 280, 2112–2114. Galpha. Biochemistry 39, 7063–7073.
36. de Alba, E., De Vries, L., Farquhar, M.G., and Tjandra, N. (1999).14. Fukuhara, S., Murga, C., Zohar, M., Igishi, T., and Gutkind, J.S.
(1999). A novel PDZ domain containing guanine nucleotide ex- Solution structure of human GAIP (Galpha interacting protein):
a regulator of G protein signaling. J. Mol. Biol. 291, 927–939.change factor links heterotrimeric G proteins to Rho. J. Biol.
Chem. 274, 5868–5879. 37. Spink, K.E., Polakis, P., and Weis, W.I. (2000). Structural basis
of the Axin-adenomatous polyposis coli interaction. EMBO J.15. Rumenapp, U., Blomquist, A., Schworer, G., Schablowski, H.,
Psoma, A., and Jakobs, K.H. (1999). Rho-specific binding and 19, 2270–2279.
38. Tesmer, J.J., Berman, D.M., Gilman, A.G., and Sprang, S.R.guanine nucleotide exchange catalysis by KIAA0380, a dbl fam-
ily member. FEBS Lett. 459, 313–318. (1997). Structure of RGS4 bound to AlF4—activated G(i alpha
1): stabilization of the transition state for GTP hydrolysis. Cell16. Jackson, M., et al., and Rothstein, J.D. (2001). Modulation of
the neuronal glutamate transporter EAAT4 by two interacting 89, 251–261.
39. Longenecker, K.L., Garrard, S.M., Sheffield, P.J., and Derew-proteins. Nature 410, 89–93.
17. Fukuhara, S., Chikumi, H., and Gutkind, J.S. (2000). Leukemia- enda, Z.S. (2001). Protein crystallization by rational mutagenesis
of surface residues: Lys to Ala mutations promote crystallizationassociated Rho guanine nucleotide exchange factor (LARG)
links heterotrimeric G proteins of the G12 family to Rho. FEBS of RhoGDI. Acta Crystallogr. D 57, 679–688.
40. Garrard, S.M., Longenecker, K.L., Lewis, M.E., Sheffield, P.J.,Lett. 485, 183–188.
18. Kourlas, P.J., et al., and Caligiuri, M.A. (2000). Identification of a and Derewenda, Z.S. (2001). Expression, purification and crys-
tallization of the RGS-like domain from the Rho nucleotide ex-gene at 11q23 encoding a guanine nucleotide exchange factor:
evidence for its fusion with MLL in acute myeloid leukemia. change factor, PDZ-RhoGEF, using the surface entropy reduc-
tion approach. Prot. Expr. Purif. 21, 412–416.Proc. Natl. Acad. Sci. USA 97, 2145–2150.
19. Geyer, M., and Wittinghofer, A. (1997). GEFs, GAPs, GDIs and 41. Laskowski, R.A., MacArthur, M.W., Moss, D.S., and Thornton,
J.M. (1993). PROCHECK: a program to check the stereochemi-effectors: taking a closer (3D) look at the regulation of Ras-
related GTP-binding proteins. Curr. Opin. Struct. Biol. 7, 786– cal quality of protein structures. J. Appl. Crystallogr. 26,
283–291.792.
20. Whitehead, I.P., Campbell, S., Rossman, K.L. and Der, C.J. 42. Lambright, D.G., Sondek, J., Bohm, A., Skiba, N.P., Hamm, H.E.,
and Sigler, P.B. (1996). The 2.0 A˚ crystal structure of a hetero-(1997). Dbl family proteins. Biochim. Biophys. Acta 1332, F1–23.
21. Stam, J.C., and Collard, J.G. (1999). The DH protein family, trimeric G protein. Nature 379, 311–319.
43. Posner, B.A., Mukhopadhyay, S., Tesmer, J.J., Gilman, A.G.,exchange factors for Rho-like GTPases. Prog. Mol. Subcell.
Biol. 22, 51–83. and Ross, E.M. (1999). Modulation of the affinity and selectivity
of RGS protein interaction with G alpha subunits by a conserved22. Pawson, T., and Scott, J.D. (1997). Signaling through scaffold,
anchoring, and adaptor proteins. Science 278, 2075–2080. asparagine/serine residue. Biochemistry 38, 7773–7779.
44. Woulfe, D.S., and Stadel, J.M. (1999). Structural basis for the23. Whitehead, I.P., Khosravi-Far, R., Kirk, H., Trigo-Gonzalez, G.,
Der C.J., and Kay, R. (1996). Expression cloning of lsc, a novel selectivity of the RGS protein, GAIP, for Galphai family mem-
bers. Identification of a single amino acid determinant for selec-oncogene with structural similarities to the Dbl family of guanine
nucleotide exchange factors. J. Biol. Chem. 271, 18643–18650. tive interaction of Galphai subunits with GAIP. J. Biol. Chem.
274, 17718–17724.24. Hart, M.J., et al., and Bollag, G. (1996). Identification of a novel
guanine nucleotide exchange factor for the Rho GTPase. J. Biol. 45. Fukuhara, S., Marinissen, M.J., Chiariello, M., and Gutkind, J.S.
(2000). Signaling from G protein-coupled receptors to ERK5/Chem. 271, 25452–25458.
25. Barrett, K., Leptin, M., and Settleman, J. (1997). The Rho GTPase Big MAPK 1 involves Galpha q and Galpha 12/13 families of
heterotrimeric G proteins. Evidence for the existence of a noveland a putative RhoGEF mediate a signaling pathway for the cell
shape changes in Drosophila gastrulation. Cell 91, 905–915. Ras AND Rho-independent pathway. J. Biol. Chem. 275, 21730–
21736.26. Hacker, U., and Perrimon, N. (1998). DRhoGEF2 encodes a
member of the Dbl family of oncogenes and controls cell shape 46. Otwinowski, Z., and Minor, W. (1997). Processing of X-Ray dif-
fraction data collected in oscillation mode. Methods Enzymol.changes during gastrulation in Drosophila. Genes Dev. 12,
274–284. 276, 307–326.
47. CCP4 (1994). The CCP4 (Collaborative Computational Project27. Zheng, B., De Vries, L., and Farquhar, M.G. (1999). Divergence
of RGS proteins: evidence for the existence of six mammalian Number 4) suite: programs for protein crystallography. Acta
Crystallogr. D 50, 760–763.RGS subfamilies. Trends Biochem. Sci. 24, 411–414.
RGSL Domain from PDZ-RhoGEF
569
48. Terwilliger, T.C., and Berendzen, J. (1999). Automated MAD and
MIR structure solution. Acta Crystallogr. D 55, 849–861.
49. Jones, T.A., Zou, J.Y., Cowan, S.W., and Kjeldgaard. (1991).
Improved methods for building protein models in electron den-
sity maps and the location of errors in these models. Acta Crys-
tallogr. A 47, 110–119.
50. Brunger, A.T., et al., and Warren, G.L. (1998). Crystallography &
NMR system: a new software suite for macromolecular structure
determination. Acta Crystallogr. D 54, 905–921.
51. French, S., and Wilson, K. (1978). On the treatment of negative
intensity observations. Acta Crystallogr. A 34, 517–525.
52. Kraulis, P.J. (1991). MOLSCRIPT: A program to produce both
detailed and schematic plots of protein structures. J. Appl. Crys-
tallogr. 24, 946–950.
53. Esnouf, R.M. (1997). An extensively modified version of Mol-
Script that includes greatly enhanced coloring capabilities. J.
Mol. Graph. Model 15, 132–134.
54. Nicholls, A., Sharp, K.A., and Honig, B. (1991). Protein folding
and association: insights from the interfacial and thermody-
namic properties of hydrocarbons. Proteins 11, 281–296.
Accession Numbers
Atomic coordinates have been deposited in the protein data bank,
PDB code 1HTJ.
